Background {#Sec1}
==========

Esophageal cancer is the seventh common malignant tumor and ranks sixth in tumor-related mortality worldwide in 2018. In terms of the histological subtypes, adenocarcinoma is frequently observed in Europe and the United States, while squamous cell carcinoma is the predominant form of Asian populations \[[@CR1]\]. Although great advances have been made in the diagnosis and treatment of esophageal cancer, the overall 5-year survival only ranges from 15 to 25% \[[@CR2]\]. Radical esophagectomy and lymphadenectomy has been widely acknowledged with paramount importance in cure-intended therapy for esophageal squamous cell carcinoma (ESCC).

Currently, there are three surgical approaches to perform a radical esophagectomy: open transthoracic esophagectomy (OTE), conventional minimally invasive esophagectomy (MIE) and robot-assisted esophagectomy (RAE). MIE is now the preferred surgical approach worldwide, which has brought better postoperative outcome by its minimally invasive feature \[[@CR3], [@CR4]\]. Besides, reduced morbidity and mortality rates have been reported when compared with the conventional open approach by previous studies \[[@CR5], [@CR6]\]. Apart from observational studies, there are several prospective trials demonstrated the advantages of MIE \[[@CR7]--[@CR9]\]. However, several problems still have not been solved. First, short-term outcomes were not obviously improved in esophageal cancer patients undergoing MIE \[[@CR10]\]. Second, the oncological results of MIE remain to be proven, as no RCTs have demonstrated the long-term survival between MIE and OTE \[[@CR11]\]. Third, several population-based studies have reported a higher re-intervention rate in patients who underwent MIE, while no evident reduction in postoperative complications or overall morbidity was observed \[[@CR9], [@CR12]\].

In 2003, RAE was developed at the University Medical Center Utrecht (UMCU) to overcome the technical limitations of MIE \[[@CR13]\]. Based on the advantages of enlarged and three-dimensional view, RAE could facilitate the complex procedures in conventional thoracoscopic approach \[[@CR14]\]. With the progress of robot technology during the past decade, RAE has become more popular in the surgical treatment for esophageal cancer \[[@CR15], [@CR16]\]. In terms of treatment outcomes, previously observational studies have shown that RAE is at least equivalent to OTE \[[@CR17]\]. Up to date, prospective trials to compare RAE with OTE in the treatment of esophageal cancer are infrequent. The ROBOT trial was a randomized trial which aims to evaluate the safety and efficacy of RAE as an alternative technique to OTE for surgical treatment of esophageal cancer. The results demonstrated that RAE resulted in a lower incidence of postoperative complications and better quality of life when compared to OTE. Moreover, the two surgical techniques have comparable and satisfactory oncological results \[[@CR18]\]. However, whether RAE can improve the outcomes and surpass the conventional MIE remains to be demonstrated.

To the best of our knowledge, no randomized studies were conducted to compare RAE with MIE in patients with resectable ESCC (cT~1-4a~N~0-2~ M~0~) to date. Hence, we launch this multicentric phase III prospective clinical trial to assess the potential advantages of RAE versus MIE in the surgical treatment for patients with ESCC.

Objective {#Sec2}
=========

This is a multicenter, prospective, randomized, open and parallel controlled, non-inferiority trial, which aims to compare RAE versus MIE in the treatment for patients with ESCC.

Methods {#Sec3}
=======

Study design {#Sec4}
------------

This is a prospectively randomized controlled trial to assess the comparison between RAE and MIE in the treatment for patients with ESCC. According to previous studies, the long-term survival results of RAE seemed to be comparable but not inferior to the MIE or open esophagectomy \[[@CR19], [@CR20]\]. Therefore, the present study was designed as a non-inferiority trial, which was based on the hypothesis that the 5-year overall survival in the RAE is uncompromised with MIE. To achieve the primary goal, 360 patients with ESCC will be recruited from 4 high-volume centers (\> 100 cases of combined approaches annually) in China. Based on the volume of esophagectomy in our center, 120 patients will be scheduled for this trial and approximately 5 patients will be enrolled for each group per month. For the other three centers, the estimated enrolled patients will be 2 for each group per month. The flow chart of this trial is presented in Fig. [1](#Fig1){ref-type="fig"}. The study has been approved by the ethics committees of participating institutions, as well as in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice Guidelines. Written informed consent is obtained from each participant.

Neoadjuvant therapy will be used as a stratification factor in this study. After finishing preoperative treatment, patients will be restaged and confirmed to suitable for surgery by multidisciplinary team (MDT) of clinicians. When the tumor is considered as resectable, patients will undergo the randomized intervention - either RAE or MIE depending on randomization.

The study started on July 2017. Enrollment will take about 2 years and follow-up for will be 5 years. So the total duration of this study will lasts 7 years.

Study population {#Sec5}
----------------

Patients with thoracic ESCC will be considered as eligible for this trial. Investigators from each institution will take charge of the enrollment according to the inclusion/exclusion criteria and patients' conditions.

Inclusion criteria {#Sec6}
------------------

Age ranges from 18 to 75 years;European Clinical Oncology Group Performance Status (ECOG PS) 0--2;Histological subtype of esophageal squamous cell carcinoma;Primary tumors are located at the intrathoracic esophagus;Pre-treatment stage as cT~1-4a~N~0-2~ M~0~ (AJCC/UICC 7th Edition);Didn't receive any therapy including chemotherapy or radiation for other cancers;Written informed consent.

Exclusion criteria {#Sec7}
------------------

Cervical esophageal cancer and carcinoma of gastro-esophageal junction;Patients with unresectable or metastatic esophageal cancer;Histological subtype of esophageal non-squamous cell carcinoma;History of previous thoracic surgery;Patients with other malignant tumor (previous or current);Participation in another clinical trial during this study.

Sample size considerations {#Sec8}
--------------------------

The sample size was calculated based on the primary outcome overall survival. A non-inferiority trial is planned in which the primary analysis will use the non-inferiority log-rank test. Generally, non-inferiority margins in local-advanced cancers were in a narrow range (1.18--1.33) according to the FDA's estimate \[[@CR21]\]. After extensive discussion, the researchers have decided that the upper bound on non-inferiority is 1.33. The total trial will take about 7 years which consists of 2-year recruitment period and 5-year follow-up period. We estimated a missing rate of 5% per year in each group. A hazard rate of 0.60, a power of 0.80 and a significance level of 0.05 will be used. Based on the assumptions, a sample size of 360 (2 × 180) participants was calculated using PASS 11 software (NCSS, LLC; Version 11.0.7).

Randomization {#Sec9}
-------------

Randomization will be performed via a computer-generated random numbers sequence and further stratified by whether the patient has undergone neoadjuvant treatment or not. Considering the unfeasibility in clinical practice, no blinding will be set for the patients and surgeons. Nevertheless, the independent study team is blinded to the allocation.

Surgical technique {#Sec10}
------------------

All patients underwent RAE or MIE (McKeown procedure) with two-field lymphadenectomy by the same experienced surgeons who had entirely completed the learning curve in each center. A surgeon who accomplished 40 cases of RAE or MIE annually is determined to be sufficiently skilled for our study. RAE is completed using Da Vinci surgical system (Intuitive Surgical, Inc., Sunnyvale, CA, USA) and MIE is carried out with a thoracoscopic-laparoscopic system.

For RAE, the procedure in details has been described in our previous article \[[@CR22]\]. For the thoracic phase, patients are placed in the left semi-prone position and trocars arrangement are presented in Fig. [2](#Fig2){ref-type="fig"}a. The mediastinal pleura above the arch of the azygos vein is divided firstly. Lymph nodes along the right-RLN and the superior esophagus are dissected en bloc. Then the dissection continued from the right main bronchus up to the plane between the esophagus and the trachea membrane. Lymphadenectomy is performed along the left-RLN from the thoracic outlet to the aortic-pulmonary window. The subcarinal lymph nodes will be dissected after this step, and the lower esophagus is dissected to the hiatus. For the abdominal phase, patients are placed in the reverse Trendelenburg position, and the robotic cart will be docked from the head side of the patient. Five ports are used in the abdominal stage, including one observation port, two robotic arm ports and two assistant ports (Fig. [2](#Fig2){ref-type="fig"}b). The greater curve is dissected firstly until the short gastric artery. The celiac area is dissected and the left gastric artery is cut off. Then the operation converts to the hepatogastric ligament, in which the right crus, left crus as well as fundus are dissected. A small incision is made at the sub-xiphoid and a narrow gastric tube (3--4 cm) will be made from the abdomen. Finally, the anastomosis is completed at the neck.Fig. 1Flow chart of the RAMIE trialFig. 2Trocars arrangement during the process of RAE and MIE. **a** thoracic part of RAE. **b** abdominal part of RAE. **c** thoracic part of MIE. **d** abdominal part of MIE. The images depicted in Fig. 2 derive from our own source

For MIE, the procedure in details has also been published in previous article \[[@CR23]\]. Trocars for the thoracic phase are placed as followed: the 7th intercostal of the right anterior axillary line is set as the observation port, the 3th intercostal is set as the primary operation port, the 6th intercostal of the right midaxillary line is set as the secondary operation port, and the 9th intercostal of the right midaxillary line is set as the operation port for the assistant surgeon (Fig. [2](#Fig2){ref-type="fig"}c). Trocars arrangement for the abdominal phase is shown in Fig. [2](#Fig2){ref-type="fig"}d. As in the RAE, the MIE procedure consists of thoracoscopic mobilization of the esophagus, which was followed by laparoscopy with creation of the gastric tube and cervical esophagogastric anastomosis.

Study endpoints {#Sec11}
---------------

### Primary endpoint {#Sec12}

The primary endpoint is the 5-year overall survival (OS) time. OS is defined as the time from the date of surgery to the day of death or to the last follow-up \[[@CR24]\].

### Secondary endpoints {#Sec13}

5-year disease-free survival (DFS) time: DFS is defined as the time from the date of surgery to the day of tumor recurrence, tumor progression or patients' death assessed up to 5 years \[[@CR24]\].3-year OS and DFS.Quality of life (QOL): QOL is assessed among patients by using the European Organization for Research and Treatment of Cancer Quality of Life Questionnaire C-30 (EORTC QLQ-C30) and EORTC QLQ-OES18 at randomization, and 3 month, 6 month, 9 month and yearly till 3 years after surgery respectively.Short-term outcomes: Short-term outcome refers to operation related index during the perioperative period, which includes operative time, total blood loss, R0 resection rate, total and positive numbers of dissected lymph nodes, 30- and 90-day postoperative mortality, length of hospital stay and ICU stay, postoperative recovery, and the incidence of treatment-related complications. True operation time is defined as time from incision until finally closure (minutes), and in which the time of docking and undocking robot was removed. We also assess the total operative time in which docking and undocking time was included. Postoperative recovery is defined as the days of chest tube and other surgical drainages removed, and the days until first ambulation and oral intake. First ambulation was defined as when the patient could continuously walk for at least 10 m, and first oral intake was when the patient could first eat gelatin or semi-solid food. The complications were diagnosed and defined according to the International Consensus of Esophagectomy Complications Consensus Group (ECCG) \[[@CR25]\] (shown in Table [1](#Tab1){ref-type="table"}). Table 1Definitions of complicationsPulmonary Pneumonia: Radiographic confirmation with positive respiratory tract culture. Pleural effusion: Pleural effusion requiring additional drainage procedure. Pneumothorax: Radiographic confirmation requiring chest tube reinsertion. Respiratory failure: Reintubation or tracheostomy for weaning failure. Atelectasis: Atelectasis mucous plugging requiring bronchoscopy.Cardiovascular Cardiac arrest requiring CPR Atrial arrhythmia: Electrocardiographic (ECG) confirmation of atrial arrhythmia. Deep venous thrombosis: Ultrasound confirmation of deep venous thrombosis. Myocardial infarction: Confirmed by ECG changes, information with cardiac biomarkers and symptoms of ischaemia.Gastrointestinal Anastomotic leak: Full thickness defect involving esophagus, anastomosis, staple line, or conduit. Detection of saliva, ingested material, gastric secretions, or bile in the drain or wound. Conduit necrosis: Identified endoscopically. Extensive conduit necrosis has to be treated by conduit resection with diversion. Diaphragmatic hernia: Radiography confirm the presence of abdominal organs in the thoracic cavity, with or without gastrointestinal symptoms.Vocal cord palsy: Any sign of voice changes or aspiration. Confirmation and assessment should be by direct examination, sometimes laryngoscopy is necessary. Severe injury requiring acute surgical intervention (due to aspiration or respiratory issues).Chyle leak: Chyle test is positive in the thoracic drainage. Treated with enteric dietary modifications, total parenteral nutrition, and nterventional or surgical therapy.Wound infection: Local findings of erythema, drainage, subcutaneous emphysema, or tenderness requiring wound opening or antibiotics.Delirium: Transient confusion confirmed by disturbances in consciousness, cognition, and perception.

Assessment and follow-up {#Sec14}
------------------------

Pre-treatment assessment is performed by routine examinations including a physical examination, standard laboratory tests, a CT scan of the thorax and abdomen (or PET/CT), upper gastrointestinal contrast, upper endoscopy with biopsies and endoscopic ultrasound. For patients who had received preoperative neoadjuvant treatment, they will be restaged and confirmed to suitable for surgery by clinicians.

After surgery, follow-ups will be performed one time per 3 months in the first two years and one time per 6 months from the third year until the end of follow-up. Examination will be focused on laboratory tests (blood routine, tumor biomarker), CT scan, ultrasound, and quality of life questionnaires. For all patients, follow-up is carried out until the end of the trial or death.

Statistical analysis {#Sec15}
--------------------

Statistical analyses are performed using SPSS version 20.0 software (SPSS Inc. Chicago, Illinois, USA). Survival will be estimated by Kaplan-Meier methods and analyzed using log-rank test. Complications will be calculated as percentage with 95% confidence intervals and analyzed by χ^2^ test or Fisher's exact test. Student's *t* test and analysis of variance (ANOVA) test was conducted for the comparison in continuous variables, while χ^2^ test or Fisher's exact test was used in categorical variables. *P* \< 0.05 is set as the significance level.

Current status {#Sec16}
--------------

The RAMIE trial has been ethically approved by the ethics committees of Shanghai Chest Hospital (KS1734). Recruitment of patients was started in July 1st, 2017. It is still at the stage of recruiting as 210 patients have been recruited until December 1st, 2018.

Discussion {#Sec17}
==========

Minimally invasive esophagectomy, including MIE and RAE, have been used to reduce postoperative complication and improve postoperative recovery compared with open esophagectomy. Theoretically, RAE seems to get better short-term and oncological results, which could be supported by the facilitated manipulation and precise dissection of robotic system \[[@CR26]\]. However, controversy still exists on the potential advantages of RAE versus MIE. To the best of our knowledge, this is the first randomized controlled trial designed to compare RAE with MIE as surgical treatment for patients with resectable ESCC.

Surgical resection with radical lymphadenectomy remains a critical element in the treatment of esophageal cancer. Therefore, the majority of studies concerning the application of RAE and MIE have focused on the extent of lymphadenectomy, especially for mediastinal lymph node dissection. Several retrospective studies demonstrated that RAE yielded significantly more lymph nodes than MIE especially in the upper mediastinum \[[@CR19], [@CR27], [@CR28]\]. Lymph nodes dissection along the bilateral recurrent laryngeal nerve (RLN) is key step due to its high metastatic rate, but it is technically challenging because of narrow operative space. The feasibility and safety of the robot-assisted lymphadenectomy along the bilateral RLNs were demonstrated in a previous study \[[@CR29]\]. Chao et al. also showed that compared with MIE, RAE resulted in a higher lymph node yield along the left RLN without increasing morbidity \[[@CR28]\]. Thoracoscopic instruments have their limitations with respect to dissection in a small and narrow space. Instead, robotic surgery has several technological advantages as it provides a three-dimensional view, ten times magnification, tremor control, and ambidexterity.

The advantage of robotic system gives surgeons greater confidence of achieving a complete bilateral RLN lymph nodes dissection, but this may increase the incidence of postoperative RLN injury. Studies show the postoperative RLN injury rate range from 9.1 to 20.6% in RAE group as from 3.8 to 29.4% in MIE group, there is no significant difference between the two groups \[[@CR19], [@CR27], [@CR28], [@CR30]\]. The left RLN injury is more common than the right RLN. Notably, RLN injury can be caused by contusions, excessive stretching, and thermal damage occurring during manipulation. Chao et al. reported their method reducing the RLN injury by using the third robot arm (controlled by the operator) which allows achieving an excellent operating exposure through the application of stable and self-controllable tractions and countertractions on the esophagus and trachea \[[@CR28]\].

Since robotic surgery has just begun to be accepted by thoracic surgeon, several groups show that the operation time of robot-assist esophagectomy is significantly higher than that of thoracoscopic esophagectomy, especially one-lung ventilation time \[[@CR19], [@CR30]\]. This has the potential to increase postoperative respiratory complications, but no significant increase in the risk of respiratory complications was identified in the RAE group. These studies also have found that no significant increase in the risk of anastomotic leakage, or other postoperative complication. For the reason that the surgeon can perform complex procedures sitting comfortably, they have not felt fatigued even if the prolong of operative time.

Although RAE is reported to improve the efficiency of lymph node dissection, it is unclear whether more extensive lymph node dissection could result in a significant survival advantage. Fewer studies were designed to focus on comparing long-term survival between RAE and MIE. Park et al. reported that the 5-year overall survivals were not different between the two groups (69% in RAE vs. 59% in MIE, *P* = 0.737). The 5-year freedom from locoregional recurrence was 88% in the RAE group and 74% in the MIE group, however the difference was not statistically significant (*P* = 0.100, 19\]. The primary endpoint of our controlled trial is 5-year overall survival. According to our hypothesis, RAE will result in at least similar oncological outcomes and long-term quality of life compared with MIE.
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